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INTRODUCTION
Progress in microbial ecology is more dependent upon exotic chemical and physical techniques than is macroecology; the small size of microbes rules out most of the direct approaches available for the study of macroorganisms. For example, the classical plate count, which is the most direct enumeration method for microbes, is of fairly limited value. Many populations from nature do not grow on plate media, and those that do may not be distinguishable from other members of the community. Efficiency of recovery of species is likely to be poor for plate counts. Furthermore, after the many generations necessary to form plate colonies, the organism may deviate from its physiology, and possibly even from the genotypic mix, of the population in nature.
A great set of improvements in microbial ecology methods comes with the fluorescent antibody technique. A newer application of antibody techniques is discussed by K. Porter in the accompanying article. These methods allow identification and counting of individual cells without the requirement of prior growth in culture media.
The nucleic acid techniques offer approaches to questions that were previously difficult or impossible to answer in microbial ecology. DNA and information on the identity of species can be recovered from natural populations that cannot be identified or cultured, genes as well as the host microbes can be traced in nature, and many species can be studied simultaneously. In addition, changes in gene organization and the regulation of gene expression in nature are possible with nucleic acid hybridization techniques. This paper is a brief overview of the basic principles of these techniques and their applications in microbial ecology. For details of the principles and protocols of nucleic acid hybridization methods, the reader is referred to Berger and Kimmel (1987) 
HYBRIDIZATION PRINCIPLE
The common features of nucleic acid hybridization techniques are denaturation and selective annealing. Double-stranded DNA or the secondary structures of RNA molecules are first denatured into their primary, single-stranded, linear form, which makes the molecule accessible for hybridization with a complementary strand of nucleic acid. Double-stranded DNA is generally denatured by treatment with base (e.g., NaOH) and/or by heating to a temperature greater than the T>, (the melting temperature) of the molecule. RNA molecules are generally denatured by heating in the presence of formamide. Once denatured, the single-stranded nucleic acid is available for renaturation with a complementary strand of nucleic acid. The complementary strand may simply be that which was previously paired with it and is still present in solution, as is the case in studies of renaturation kinetics. Alternatively, the complementary strand may be supplied exogenously and may consist of the DNA complement of an RNA sequence or the DNA or RNA complement of a DNA sequence. The exogenously added nucleic acid can be labelled with either radioactive or nonradioactive residues so that it serves as a probe for a particular nucleic acid sequence in a heterogeneous mixture of nucleic acid molecules.
TRADITIONAL APPLICATIONS
One early application was heteroduplex analysis, used to reveal similar sequences of nucleic acids. Singlestranded nucleic acids of known sequence are hybridized with sample molecules, then examined by electron microscopy. This visualization reveals the doublestranded (homologous) and single-stranded (heterologous) regions in the hybrids, which reveal aspects of the sample sequence. Heteroduplex analysis has identified the locales of intron sites by showing where processed messenger RNA binds to DNA of the corresponding gene (Tilghman et al. 1978) , detected genomic rearrangements (Shapiro 1983) , and demonstrated transposable DNA elements (Williamson et al. 1981) .
Other applications of nucleic acid hybridization techniques are Cot (COT) and Rot (ROT) hybridization kinetics studies (see, e.g., Britten et al. 1974 , Chelm 1982a . The underlying principle of COT analyses (of DNA renaturation kinetics) is that the rate of hybridization is proportional to the concentration of complementary DNA sequences and thus inversely proportional to the total length of different sequences in the sample (Chelm 1982a ). The kinetics of the renaturation process, therefore, indicate the complexity of the DNA being analyzed. The dosage of specific sequences of DNA is related to the time required for these sequences to encounter and bind to complements in complex mixtures. This approach has been used for counting the number of copies of chloroplast DNA in the total DNA of Euglena gracilis (Chelm 1 982a) and for demonstrating repeated families of sequences in eukaryotic cells (Britten et al. 1974) . Similarly, with ROT analyses, the kinetics of hybridization of the DNA and total RNA of an organism can be used to measure the number and relative abundance of transcripts (Chelm 1982b) .
Such methods are not yet widely used in microbial ecology. COT analyses may prove useful for measuring the complexity of microbial communities in soil, sediment, and aquatic systems. Sayler and his co-workers (G. Sayler, personal communication) have initiated studies using DNA:DNA renaturation kinetics as a measure of community complexity in aquatic sediments. They find that exceedingly long hybridization times are involved, because one is essentially measuring the renaturation of very long molecules, entire genomes among mixtures of genomes, rather than the short sequences within genomes.
Another method is the use of DNA probes to quantify the level of transcription of a gene of interest. To detect the transcription level, an excess of "probe" DNA, identical in sequence to the gene, is bound to a filter, then hybridized to the total RNA of an organism grown under specific conditions. Usually the RNA of the organism is labelled in vivo with radioactive nucleotides. The amount of labelled RNA that hybridizes to the probe DNA is proportional to the number of RNA molecules transcribed from that gene. This approach has been used, for example, to measure rRNA transcription in Escherichia coli (Sharrock et al. 1985) .
Though not yet explored by microbial ecologists, this methodology could reveal how the environment controls transcription and thus gene expression.
Perhaps best known is the use of DNA and RNA probes to detect specific genes or DNA sequences. It is this application that has the greatest immediate potential in microbial ecology. Careful control (termed "stringency") of conditions in the process of hybridization and subsequent washing away of unhybridized probe allow one to probe for identical sequences (termed homologous probing). An example is to probe for the E. coli lacZ gene in an E. coli strain. Probes for similar, but not identical, sequences (termed heterologous probing) can use a cloned gene from one organism as a probe for the same gene in a different organism, as was done in the isolation of the glnA gene from Bradyrhizobium japonicum using the glnA gene from E. coli (Carlson et al. 1985 species-unique probes, which hybridize only to the DNA of one organism or group of organisms and not to DNA of other species. These detection methods have shown such promise that several commercially available clinical identification kits are currently being marketed (e.g., the Salmonella detection kits for the food industry available from GENE-TRAK Systems, Framingham, Massachusetts). Gene probe methods are also being used for the detection and identification of parasitic (Palva 1985) and genetic (Harada et al. 1987) diseases. Nucleic-acid hybridization techniques are also being used for the phylogenetic classification of microorganisms on the basis of similarities and differences in the genes that encode ribosomal RNA (Pace et al. 1985) .
By definition, different taxa contain at least some unique genetic information. Thus, the ability to distinguish taxon-specific sequences in a complex mixture of DNA holds great promise for microbial ecology. One can readily expand from detecting a specific gene in the genome of an organism to detecting the same gene in a mixture of genomes from several organisms, e.g., in the DNA obtained from the entire bacterial population in an environmental sample (Holben et al. 1988 ).
ADVANTAGES AND LIMITATIONS OF HYBRIDIZATION ANALYSES IN

MICROBIAL ECOLOGY
Some advantages of nucleic acid hybridization analyses for study of bacterial populations in environmental samples are: (1) The nucleic acids can be isolated in situ without culturing. This ability allows direct quantification and comparisons of microbial populations. For example, in soil only 1-5% of the total population observed by direct microscopic counts can be cultured (Bakken 1985, Bone and Balkwill 1986 ). The gene probe approach allows nucleic acids from all of the taxa in a sample to be analyzed simultaneously, without need for cultural conditions satisfying each taxon. (2) A specific gene or nucleic-acid sequence can be detected, so gene expression is not a prerequisite to successful monitoring of bacterial populations. This point is important when one considers that perhaps only a small minority of taxa in an environmental sample are growing rapidly at any given time, and thus that only a few may be actively expressing genes that would be relied on for the detection of the organism. (3) Several different taxa can be monitored in a single sample. In fact, the efficiency of detection of microorganisms actually increases with the number of taxa being studied, up to a practical limit, with probe techniques (see below). (4) If Southern transfer techniques (Southern 1975 Simultaneous analysis of multiple taxa actually increases the efficiency of nucleic acid hybridization techniques for identification-just the opposite of the increasing difficulty with diversity for traditional techniques. For example, selective plating techniques require different culture conditions for each organism; every sample must be applied to all of the selective media before the taxa can be enumerated. By contrast, the total bacterial DNA obtained from a single environmental sample can be digested with an appropriate restriction endonuclease (a simple process), then the resultant pool of restriction fragments is "sorted" by size by electrophoresis: different genetic sequences produce fragments of different lengths. The separated DNA fragments are then transferred to filters for hybridization with DNA or RNA probes previously developed for each taxon, i.e., are subjected to Southern transfer (Southern 1975 
EXPERIMENTAL CONSIDERATIONS
Recovery of sample DNA These techniques in microbial ecology rely upon efficient isolation of usefully intact and pure nucleic acids from environmental samples. There are two basic approaches to recovery of total community DNA from soils and sediments. One is to extract DNA directly from the samples by lysis of the organisms in situ; the other is first to extract as many organisms as possible from the environmental matrix so that the DNA is protected until it is in a more defined environment. The differences between these two approaches are less important for aquatic samples than for soil and sediment samples.
Direct extraction of nucleic acids is much more efficient than attempting to recover whole bacteria from environmental matrices; in some protocols it also is faster. A disadvantage of direct extraction of bacterial DNA from soil samples is contamination by humic acids and other soil substances, which can inhibit the efficiency of subsequent restriction-endonuclease digestion and hybridization reactions. Also, DNA so isolated probably includes that of fungi, algae, and other organisms in the sample, as well as free DNA not representing living organisms. G. Sayler and co-workers have developed a direct-extraction protocol for aquatic sediments (Ogram et al. 1987 Alternative DNA isolation protocols for environmental samples are also being developed. J. Paul and his co-workers have isolated free DNA from marine, estuary, and river waters for subsequent hybridization analyses using specific probes for sequences of ecological significance: genes such as ribosomal RNA genes or the RUBISCO enzyme large subunit. These studies hope to yield information on the sources of, and the means to track, recombinant DNA in the environment. Because the free DNA is in solution, the isolation involves filtering of the water sample to remove organ- being probed for (i.e., the "target") , what types of probe to use, and what hybridization conditions will be employed. Such choices will necessarily be made on the basis of the nature of the experiment being performed. Below, we consider a number of such possibilities and describe conditions under which one choice would perhaps be more appropriate than others.
Probe and target-sequence considerations
The target sequence and the probe used for hybridization can range in size from about 20 bases of DNA to the entire chromosome of an organism. When complex DNA such as that isolated from a community is probed, specificity is of primary importance. Thus, sequences common to different organisms must be avoided. Common sequences that complicate specific detection range from sequences common to all organisms (e.g., conserved regions of ribosomal RNA genes) to regions of wide-host-range plasmids that have homology to other plasmids and the chromosomes of some organisms ( Probe methodologies have been to provide community population profiles based on probing for a "universal" sequence (e.g., the 16S ribosomal RNA gene; Stahl et al., in press; R. Devereaux, personal communication). This gene exists in all organisms, yet is sufficiently different in each organism to allow the identification of specific populations in the community (Pace et al. 1985) . Most of the probes described above are based on known sequences unique to specific organisms or functions. It has also been demonstrated that probes specific for a group, genus, or even species or strain of bacteria can readily be constructed by random cloning of DNA fragments from the organism of interest, and screening for those that do not cross-react with DNA from other organisms likely to be encountered in the samples (Salyers et al. 1983 , Yates et al. 1986 ).
Using the entire chromosome as a target and probe for hybridization is appropriate when the similarity of one organism to another is investigated at the DNA level. This type of comparison can be made if the total DNA of one organism is labelled, then denatured and hybridized to the denatured total DNA of that same organism and, in a separate reaction, to the denatured total DNA of the organism being compared. Comparing the amount of hybridization to each DNA indicates the degree of similarity between the two organisms.
Smaller target sequences are useful in attempts to distinguish organisms that differ only by very small regions of DNA (e.g., a mutant strain that differs from the parent by a single base-pair change). This distinction is possible because hybridization conditions can be established such that 100% homology is required for hybridization to occur; i.e., such that a match of 19 out of 20 bases is not sufficient for hybridization (Wallace and Miyada 1987) .
The probes used in nucleic-acid hybridization experiments are usually labelled with radioactive (usually 32P) deoxynucleotides. Perhaps best known is labelling of double-stranded DNA by nick translation, in which labelled deoxynucleotides are inserted in the DNA strands by the combined exonuclease and polymerase activities of DNA polymerase I (Davis et al. 1980 , Maniatis et al. 1982 , Ausubel et al. 1987 . There now exist a number of alternative methods of producing probes for hybridization analyses. We have developed single-stranded DNA probes of high specific activity, produced in a primer extension reaction from a singlestranded DNA template using 32P deoxynucleotides in a reaction analogous to the dideoxy DNA-sequencing reaction (Holben et al. 1988 ). These probes are extremely specific and quite sensitive, allowing us to detect as few as 103 gene copies per gram in the soil bacterial community. R. Atlas and his co-workers have successfully used 32P-labelled RNA probes synthesized with RNA polymerase to detect specific organisms in river sediments on the basis of the detection of a DNA sequence unique to these organisms (R. Atlas, personal communication).
There also exist methods of labelling probes with nonradioactive residues such as biotin or by sulfonation of cytosine residues in DNA. The advantages of using nonradioactive probes are that they are more stable (one can store probes for later use) and do not entail exposure to 32P. Nonradioactive probes, however, do not currently yield the levels of specificity and sensitivity of detection that are possible with radioactive probes (Zwadyk et al. 1986).
Varying conditions (such as salt concentration and temperature) of hybridization and subsequent washing away of unhybridized probe can control the specificity of the hybridization reaction. Thus a single probe can be used in either a homologous or a heterologous fashion to detect either identical or somewhat dissimilar organisms. Although one can generally predict the specificity of a given probe by controlling reaction conditions and by selecting a gene (or other sequence) that is not widely distributed in nature, proper screening of the probe against other organisms likely to be encountered in the samples used and the use of appropriate positive and negative controls for hybridization experiments are important to insure specificity.
Detection and quantification of hybridization
There are two major formats for hybridization analyses. In solution hybridization, both the denatured nucleic acid being analyzed and the probe are free in solution during the hybridization reaction. Following hybridization, unhybridized DNA and probe (i.e., single-stranded nucleic acids) are removed either by differential binding to hydroxyapatite (Britten et al. 1974) or by digestion with the nuclease S1 (which preferentially degrades single-stranded nucleic acids), and the remaining double-stranded hybrids collected by trichloroacetic acid precipitation (Chelm 1 982a) . Results obtained by solution hybridization with radio-labelled probe are generally quantified by liquid scintillation counting.
In filter hybridization, the denatured nucleic acid being analyzed is fixed to a filter (generally either cellulose nitrate or nylon membrane) prior to hybridization with probe. The simplest format for filter hybridization is the "dot blot" or "slot blot," in which denatured nucleic acid is applied to the filter in discrete dot-or slot-shaped areas with a simple manifold apparatus (e.g., the "Minifold" apparatus, Schleicher and Schuel, Keene, New Hampshire). Slightly more complicated, but analytically more powerful, filter hybridization protocols are the Southern blot (for DNA) and the northern blot (for RNA). In Southern blot analysis, double-stranded DNA fragments resulting from restriction endonuclease digestion are separated by size by agarose gel electrophoresis, then denatured in the gel and transferred to filters for subsequent hybridization; the spatial orientation of each fragment is maintained (Southern 1975 , David et al. 1980 , Maniatis et al. 1982 . In northern blot analysis, mixtures of RNA molecules (e.g., total RNA or messenger RNA), are size fractionated by electrophoresis in agarose gels under denaturing conditions, then transferred to filters for hybridization (Maniatis et al. 1982 , Ausubel et al. 1987 .
The analytical power of these procedures derives from the initial size fractionation step. When two or more species contain the same gene, it will probably either have a slightly different sequence and/or be flanked by a different sequence. Thus, if the DNA obtained from a mixture of organisms (as in an environmental sample) is digested with an appropriate restriction endonuclease, the different-sized fragments, of different species, will be detected as different bands of hybridization. This concept should also allow the detection of genetic rearrangements and horizontal gene transfer.
By combining probes specific for each organism of interest, each of which hybridizes to a restriction fragment of a different size, one should be able to detect multiple organisms in a single sample without the need for a probe that hybridizes to a sequence common to each organism. Data from filter hybridization are quantified by densitometry or liquid scintillation counting of areas of filters where radioactive probe has hybridized.
The use of nucleic acid hybridization methods in microbial ecology is still in its infancy, but when one considers that virtually all of the ecological studies we have described have been accomplished in the last 2 yr, the progress is impressive and, if this rate continues, suggests that additional major advances in the immediate future are likely. At present, most of the work has involved the development of methods and illustration of their usefulness; there has been no time yet to reveal new ecological phenomena. The value of these methods will only be established when the latter is achieved.
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